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a  b  s  t  r  a  c  t

One  of  the  key  goals  of  enzymatic  biofuel  cells  research  has  been  the  development  of  a  fully  enzymatic
biofuel  cell  that  operates  under  a continuous  flow-through  regime.  Here,  we present  our work  on  achiev-
ing this  task.  Two  NAD+-dependent  dehydrogenase  enzymes;  malate  dehydrogenase  (MDH)  and alcohol
dehydrogenase  (ADH)  were  independently  coupled  with  poly-methylene  green  (poly-MG)  catalyst  for
biofuel cell  anode  fabrication.  A  fungal  laccase  that catalyzes  oxygen  reduction  via  direct  electron  transfer
(DET) was  used  as an  air-breathing  cathode.  This  completes  a fully  enzymatic  biofuel  cell  that  operates
in a  flow-through  mode  of  fuel  supply  polarized  against  an  air-breathing  bio-cathode.  The combined,
enzymatic,  MDH-laccase  biofuel  cell operated  with  an  open  circuit  voltage  (OCV)  of  0.584  V,  whereas  the
ADH-laccase  biofuel  cell sustained  an  OCV  of  0.618  V. Maximum  volumetric  power  densities  approaching
20 �W  cm−3 are  reported,  and  characterization  criteria  that will aid in future  optimization  are  discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Interest in energy harvesting devices based on alternative fuels
has exponentially increased over the last two decades. Researchers
have increasingly drawn their attention to biological fuel cells in
recent years, seeing that conventional fuel cell technologies are
reaching mass-market introduction. Reasons for this shift in inter-
est are based on unique conditions of operation that cannot be
met  by conventional fuel cells; namely low-temperature operation
(20–40 ◦C) activity near neutral pH, and selective catalytic activity.
Moreover, biofuel cells can utilize a wide diversity of fuel sources
and a multitude of biocatalysts. They also offer low costs for oper-
ation and maintenance in comparison with conventional fuel cells
(Barton et al., 2004; Davis and Higson, 2007; Heller, 2004; Minteer
et al., 2007). Specifically, enzymatic biofuel cells have the capa-
bility of producing power densities higher than those observed
for microbial fuel cells. In definition, an enzymatic biofuel cell
uses enzymes as catalysts for both its anodic and cathodic reac-
tions.

The thermodynamic driving force of biofuel cells is directly
related to the electron transfer mechanism of the processes occur-

∗ Corresponding author. Tel.: +1 505 277 2640; fax: +1 505 277 5433.
E-mail address: plamen@unm.edu (P. Atanassov).

ring at the anode and cathode. In general, these can be classified
into two  mechanisms: mediated electron transfer (MET), and direct
electron transfer (DET) (Barton et al., 2001a,b, 2002, 2004; Chen
et al., 2001; Katz et al., 2003). In MET, a low molecular weight redox-
active molecule (mediator) is included in electrolyte to shuttle
electrons between the active site of the enzyme and the elec-
trode surface. The use of redox mediators, however, can decrease
the potential of the electrode and therefore limit the driving force
between the anode and the cathode. Mediators also have some sta-
bility and toxicity issues, which is why in recent years research
has focused on achieving direct electrical communication between
redox centers and electrodes (Barton et al., 2004; Ghindilis et al.,
1997; Shleev et al., 2005). By achieving DET, the electrode can work
at a potential range close to the redox potential of the enzyme itself
(Shleev et al., 2005).

In previous studies, we  have successfully demonstrated the
development of enzymatic gas-diffusion cathodes based on DET of
oxygen reduction catalysts, such as laccase (Gupta et al., 2011a,b).
The methodology of cathode fabrication provides efficient enzyme-
electrode communication, minimizes ohmic resistance losses, and
maximizes oxygen supply under “air-breathing” conditions (Shleev
et al., 2005).

Enzymatic bioelectro-reduction of oxygen at the cathode, in this
manner, is reported for copper-containing oxidases such as lac-
case, ascorbate oxidase, and bilirubin oxidase (Gupta et al., 2011a,b;

0956-5663/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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Ivnitski et al., 2008, 2010; Ivnitski and Atanassov, 2007; Solomon
et al., 1996). Laccase belongs to the group of multicopper oxi-
dases that catalyze the four-electron reduction of oxygen to water,
while oxidizing a wide range of aromatic substrates (Piontek et al.,
2002). In addition, laccase enzymes possess high thermodynamic
potential and catalytic parameters that are optimal for the develop-
ment of cathodes for biofuel cells (Barton et al., 2004; Mano et al.,
2006; Solomon et al., 1992, 1996). Spectroscopic studies and X-
ray crystallography reveal that laccase proteins include a minimal
functional unit containing one blue copper, Type 1 (T1) site, and a
trinuclear cluster that has one Type 2 and two Type 3 copper atoms
(T2/T3) (Piontek et al., 2002; Shleev et al., 2005; Solomon et al.,
1992, 1996). The T1 center provides long-range intramolecular
rapid electron transfer from the substrate, redox mediator or elec-
trode to the trinuclear T2/T3 redox copper center, where oxygen
reduction to water takes place, via intermolecular electron transfer
(Piontek et al., 2002; Solomon et al., 1992, 1996; Xu et al., 1996).
Fungal laccases in particular, are capable of reducing oxygen at high
potentials (680–850 mV)  (Barton et al., 2004, 2002; Morozova et al.,
2007; Piontek et al., 2002; Reinhammar, 1972; Shleev et al., 2005;
Xu et al., 1996) but their activity is often optimal at low pH (4–5)
and reduced, or even inactive, at neutrality; the desirable operating
pH for biofuel cells (Barton et al., 2004).

For biofuel cell anode design a wide range of enzymes can be
explored, since a variety of fuels can be used. Considering the
oxidation of glucose as a model fuel, for example, a multitude
of enzymes is able to catalyze the first-step of glucose oxida-
tion. These enzymes utilize different cofactors (e.g., nicotinamide
adenine dinucleotide, NAD+; flavin adenine dinucleotide, FAD; or
pyrroloquinoline quinone, PQQ), which define the reaction redox
potentials. NAD+-dependent enzymes are known to have the low-
est redox potential. Since one would like to work at the lowest
anode potential in order to obtain the maximum cell voltage, the
use of NAD+-dependent enzymes is highly desirable. There are
several NAD+-dependent enzymes that are involved in metabolic
pathways like the Kreb’s cycle and glycolysis. We  have selected two
model enzymes for this research: malate dehydrogenase (MDH)
and alcohol dehydrogenase (ADH).

Historically, the use of NAD+-dependent enzymes as the anode
of biofuel cells has been limited by the need to reoxidize NADH
in order to regenerate the enzyme cofactor. Mediators and cata-
lysts have been demonstrated in order to address this issue, but
to date have only been used in biofuel cells that operate in a “qui-
escent” mode, which results in insufficient transport of fuels and
thus limited conversion (Palmore et al., 1998). We  have recently
reported the development of poly-(methylene green) electrocata-
lysts for NADH oxidation, however, that can be fabricated directly
onto 3-dimensional (3D) electrode materials (Rincón et al., 2011).
By combining such structures with defined enzyme immobiliza-
tion techniques we have been able to obtain anodic electrodes that
can support continuous flow regimes. The use of 3D chitosan scaf-
folds, for example, makes it possible to entrap NAD+-dependent
enzymes and retain catalytic activities (Cooney et al., 2008, 2009;
Lau et al., 2008, 2010). Moreover, chitosan can be combined with
carbon nanotubes (CNTs) to obtain micro-porous polymeric scaf-
folds that provide a high residence time for the diffusive cofactor
(NAD+), resulting in efficient electrochemical conversion of NADH
and in turn, good conversion of the fuel (Martin et al., 2010; Rincón
et al., 2011). This immobilization technique has been previously
studied and chosen due to its ability to provide enhanced enzymatic
activity and stability.

For the research described herein, we utilize a standardized lab-
oratory platform that serves as a stackable, flow-through, fuel cell
system (Svoboda et al., 2008) in which both bio-anode and bio-
cathode were integrated with the purpose of generating power
from biological fuels.

Completing a fully enzymatic biofuel cell requires the design of
an anode that is functional in flow-through mode of the fuel (and
potentially the electrolyte) with a cathode capable of operating in
a gas-flow mode. It is preferred those flow modes to impose as low
parasitic loss as possible. In this research the air-breathing gas-
diffusion enzyme-catalyzed electrode of hydrophobic type is being
incorporated as a passive cathode. This paper presents the effort
and investment of our team in engineering both anode and cathode
for an enzymatic biofuel cell that is able to operate in a continuous
flow mode. The following sections describe the development of a
cathode that can undergo DET and a 3D anode that is based on
NAD+-dependent enzymes.

2. Material and methods

2.1. Materials

Methylene green (Fluka Cat. 66870), l-(−)-malic acid (Sigma
Cat. M1000), NADH (Sigma Cat. N6005), NAD+ (Fluka Cat. 43407),
alcohol dehydrogenase (ADH) from Saccharomycescerevisiae (pI:
5.4–5.8, Sigma Cat. A3263, 347 U mg−1), laccase from Trametes
versicolor (pI: 4.1–4.7, Sigma Cat. 53739, 25.5 U mg−1), chitosan
(CHIT) (medium molecular weight, Aldrich Cat. 448877), ethanol
(200 proof, VWR  Cat. 89125172), multi-walled carbon nanotubes
(MWCNTs) (20–30 nm outer diameter, 10–30 �m length, 95 wt%
purity from www.cheaptubesinc.com),  dimethyl sulfoxide (DMSO,
Sigma), 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE
95%, Sigma–Aldrich Cat. 457078), carbon black (XC72R, Cabot), and
concentrated acetic acid (EMD Chemicals Cat. EMAX0073P5) were
used without further purification. All other chemicals were reagent
grade quality. Malate dehydrogenase (MDH) from porcine heart (pI:
6.1–6.4, USB products from Affymetrix Cat. 18665, 2580 U mg−1)
was  purified by dialysis (Slide-A-Lyzer MINI dialysis units 10,000
MWCO, and concentrating solution from Thermo Scientific) with
TRIS buffer (pH 7.0, 50 mM)  in three steps (30 min, 1 h and 30 min)
against 500 mL  of the same buffer. The final MDH  stock solution
contained 1 mg  MDH/10 �L TRIS buffer (pH 7.0). Chitosan was pre-
treated to achieve a final deacetylation degree of 95% by initially
autoclaving (20 min  at 121 ◦C in 40 wt%  NaOH), followed by fil-
tration and washing with DI water and phosphate buffer (pH 8.0,
0.1 M)  before drying in a vacuum oven at 50 ◦C for 24 h. A MWC-
NTs/CHIT suspensionwas prepared by combining 1 wt%  CHIT (in
0.25 M acetic acid) stock solution and MWCNTs (final concentra-
tion of 2.5 wt%). NADH stock solutions were prepared for each
buffer. l-malic acid was prepared with distilled water and its pH
was  adjusted to 7.4 with concentrated NaOH.

Electrochemical measurements were carried out using a stack-
able flow through electrochemical cell (Svoboda et al., 2008) with a
platinum mesh (100 mesh, Alfa Aesar Cat. 10282) counter electrode
and Ag/AgCl/sat KCl reference electrode (CH Instruments Inc.) when
working in the three-electrode setup. For the fuel cell experiments
(two-electrode setup) the cathode was  connected to the potentio-
stat as the working electrode and the anode was connected as the
counter and reference electrodes. All potential values are reported
against Ag/AgCl.

2.2. Preparation of dehydrogenase anodes

Reticulated vitreous carbon (RVC) of a defined porosity (60
pores per linear inch, ppi) was used for the anode supporting
material and was pretreated with oxygen plasma cleaning for
15 s to achieve hydrophilization of the surfaces. Enzymatic anodes
were prepared by modifying 60 ppi RVC with poly-(MG) as pre-
viously described, with10 deposition cycles (Rincón et al., 2011).
The immobilization technique for both enzymes (MDH and ADH)
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was direct entrapment in the MWCNTs/CHIT scaffolds according to
procedures presented by Cooney et al. (2008, 2009) and Lau et al.
(2008, 2010).  Briefly, materials were prepared by filling the RVC
electrodes with CHIT/MWCNTs/NAD+/MDH (500 �L of immobiliza-
tion solution in which every10 �L of chitosan contain 0.35 mg  NAD+

and 1 �L MDH  or 3 �L ADH) and then frozen at −4 ◦C overnight.
Freeze-drying was performed for 4 h in order to eliminate water
from the scaffold. The stock solutions of enzymes contained 1 mg  of
enzyme per 10 �L of buffer, hence the MDH  anode contained 5 mg
of enzyme, and the ADH anode contained 15 mg  of enzyme. The
amount of ADH immobilized to electrodes was calculated based on
the amount of enzyme units in order to obtain comparable results
to those for MDH.

2.3. Preparation of laccase cathode

The gas-diffusion cathode consists of two layers: a gas diffu-
sion layer and a catalytic layer. 80 mg  of carbon black XC72R with a
Teflon content of 35 wt% were placed into a round dye (2 cm diame-
ter) and pressed by hand onto a nickel mesh (Alfa Aesar Cat. 39704)
that serves as current collector. 10 mg  of teflonized multi-walled
carbon nanotubes (3.5 wt% PTFE) were evenly distributed on top of
the gas diffusion layer. The layers were fused by pressing (1 min  at
1 kp) in a hydraulic press to a final thickness of 0.5 mm.  PBSE (1-
pyrenebutyric acid N-hydroxysuccinimide ester) (4 mg  in 0.5 mL
DMSO) was allowed to soak into the catalytic layer for 2 h, before
the electrode was rinsed with DMSO and then with DI water. Lac-
case was immobilized by physical adsorption onto the electrode by
incubating 0.5 mL  of the enzyme (4 mg  mL−1 in PBS, pH 6.3) at +4 ◦C
overnight. The electrode was rinsed with DI after incubation.

2.4. Enzymatic biofuel cell construction

Fig. 1 shows the fuel cell assembly consisting of the laccase-
cathode (lower plate), two counter electrodes (platinum mesh),
the dehydrogenase-anode and a reference electrode. The cell was
setup in this configuration so that both the anode and cathode
could be studied independently and their individual polarization
curves determined before measuring the output of the complete,
functioning fuel cell. For the ADH-laccase fuel cell, the fuel solution
consisted of 475 mM  ethanol and 1.5 mM NAD+, and for the MDH-
laccase fuel cell, the fuel solution contained 500 mM l-malate and
1.5 mM NAD+. Polarization curves were constructed for the cath-
ode (under potentiostatic regime) and for the complete biofuel cell
(under potentiostatic and galvanostatic regimes). The anodic polar-
ization curve was determined by subtracting the cathodic curve
from the fuel cell curve. The fuel was pumped to the fuel cell using
a peristaltic pump at a flow rate of 3 mL/min and the fuel was recy-
cled back into the fuel cell. This flow speed was chosen as optimal
after different trials. It provides enough flow of the fuel, without
compromising the mechanical stability of the electrodes.

3. Results and discussion

3.1. MDH-laccase biofuel cell

The working parameters of a functional fuel cell can be defined
from polarization curves, obtained under both galvanostatic and
potentiostatic regimes.

Initially, an open circuit voltage (OCV) of 0.584 V was observed
for the MDH-laccase biofuel cell (Fig. 2). The shape of the polariza-
tion curve for the anode indicates that the MDH-anode is limited by
ohmic losses and transport limitations. The laccase-cathode in com-
parison, demonstrates minimal kinetic losses within the current
operation range of the anode. The biofuel cell polarization curve,
therefore, shows a kinetic-limited behavior for currents lower than

Fig. 1. Schematic of biofuel cell assembly.

Fig. 2. Polarization curves of: (�) MDH-anode, (�) laccase-cathode, and (� potentio-
static, � galvanostatic) biofuel cell. l-malate concentration: 500 mM.  OCV = 0.584 V.
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Fig. 3. Power curves of MDH-laccase biofuel cell in 500 mM l-malate normalized to
anode volume and cathode area: (�) galvanostatic, (�) potentiostatic.

10 �A where the sustained voltage is almost independent of the
current. At currents higher than 10 �A, ohmic losses are observed
and the limitations of the anode dictate the overall performance of
the biofuel cell and restrain maximum current to about 65 �A.

Clearly, for the case of biofuel cells, evaluation of the system
under galvanostatic regime is more informative, as we are inter-
ested in observing the voltage output that the complete fuel cell
can sustain. It was necessary, however, to perform the potentio-
static experiments in order to determine the operational range of
the device, in respect to current.

Fig. 3 shows power curves that were constructed for the MDH-
laccase biofuel cell, represented with the volume of the anode
(∼1.5 cm3)and area of the cathode (∼1.3 cm2)taken into account.
A maximum power density of ∼9 �W cm−2 was observed, in good
agreement with reports for enzymatic biofuel cells based on a single
dehydrogenase enzyme in mediated systems (Stoica et al., 2009).

The maximum power per unit volume (of the anode) was
∼8 �W cm−3. Current biofuel cell methodologies often report max-
imum current and power outputs based on per unit area, but
reporting outputs per unit volume is more significant for 3-D archi-
tectures and provides a design parameter for scale-up of the biofuel
cell technology.

3.2. ADH-laccase biofuel cell

A second biofuel cell was designed with the laccase-cathode as
above but with an ADH-anode. Fig. 4 shows the open circuit poten-
tials obtained for each electrode, as well as the cell voltage data. The
open circuit potential (OCP) of the anode approached −0.05 V vs.
Ag/AgCl while the OCP of the cathode approaches 0.58 V vs. Ag/AgCl.
In combination, this provides a theoretical maximum cell voltage of
0.63 V for the biofuel cell. In fact, Fig. 4 shows a cell voltage of 0.61 V
close to steady-state and demonstrates a system with minimal loss
of enzymatic activity.

Fig. 5 shows the polarization curves of the anode and cathode
(obtained in potentiostatic regime) and the biofuel cell (galvano-
static regime). In the current operating range the cathode shows
the typical behavior of an air breathing electrode with kinetic lim-
itations at low currents, ohmic losses between 30 and 150 �A and
a very sudden drop in potential at higher currents due to trans-
port limitations imposed by the diffusion of air through the cathode

Fig. 4. Open circuit potentials of laccase-cathode and ADH-anode, and cell voltage
of biofuel cell.

architecture. This biofuel cell sustained an OCV of 0.618 V, slightly
higher than that of the MDH-laccase biofuel cell.

For both of the biofuel cell configurations studied the anode is
the limiting electrode, and performance degradation mainly dic-
tated by ohmic losses. The limitation is a consequence of various
design aspects. Firstly, the supporting electrolyte contains a total
salt concentration of 0.4 M,  which compared to other electrochem-
ical devices (e.g., batteries) is low. Enzymes however, could be
inactivated at high salt concentrations, and as such, electrolyte
optimization is a design parameter that could be addressed, but
may  inherently constrain the working limits of the system. Second,
the 3D design and dimensions of the anode significantly separate
the electrodes. This macroscopic separation (∼1 cm) between the
anode and the cathode and the flow of low conductive ions signif-
icantly contribute to the ohmic losses in the biofuel cell.

Fig. 6 shows power curves for the ADH-laccase biofuel cell in
the same way as for the MDH-laccase. The maximum power den-
sity was  determined to be ∼25 �W cm−2 which is almost three
times higher than that obtained for the MDH-laccase biofuel cell. In
terms of volumetric density, the corresponding maximum power
was  ∼21 �W cm−3. This result is one order of magnitude higher
than the one reported by Stoica et al. (2009) and at least double the

Fig. 5. Polarization curves of: (�) ADH-anode, (�) laccase-cathode, and (�) bio-
fuel  cell. Dashed line represents the theoretical full cell polarization curve. Ethanol
concentration: 475 mM.  OCV = 0.618 V.
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Fig. 6. Power curves of ADH-laccase biofuel cell in 475 mM ethanol normalized to
anode volume and cathode area (dashed line: theoretical power curve, solid line:
experimental power curve).

power obtained by Yan et al. (2006),  for a single dehydrogenase
biofuel cell in a mediated system.

Despite certain inherent limitations, the work described in this
paper presents a functional yet not fully optimized biofuel cell with
a single-enzyme anode and a single-enzyme cathode that serves
as a platform for new biofuel cell designs and optimizations. The
main advantage of the design platform that was studied is the abil-
ity to operate under flow through regime, where the fuel can be
replenished and recycled for continuous operation.

Although the present system design allows for high residence
time of the fuels due to the large dimensions of the anode, it has
the disadvantage of macroscopic separation between the anode and
cathode that contributes to a long path for ionic flow. Future direc-
tions of this research will include electrode architectures that offer
an alternative design in which the separation between the cathode
and anode could be minimized.

4. Conclusions

Two fully enzymatic biofuel cells based on single NAD+-
dependent dehydrogenase enzymes were constructed and eval-
uated in continuous flow-through operation. The MDH-laccase
demonstrated some limitations in the anode performance that
were reflected in a limiting current of ∼65 �A, and maximum
power densities approaching ∼9 �W cm−2 or ∼8 �W cm−3 (at
0.373 V). By comparison, upon substituting ADH for MDH; the
ADH-laccase fuel cell showed higher performance output, achiev-
ing limiting currents ∼160 �A and maximum power densities of
∼26 �W cm−2 or ∼22 �W cm−3 (at 0.372 V). The higher perfor-
mance of the ADH-laccase is attributed to higher enzymatic activity
of ADH that had previously been observed. This single-enzyme
design serves as a model for future multiple-enzyme anodes that
will have the capacity for multi-step oxidation of biofuels (increas-
ing coulombic yield) and thus the potential to generate larger
current and power densities.

Large ohmic losses characterized both anode configurations and
resulted in polarization curves that exhibit resistive behavior. This
ohmic effect was a consequence of the low conductivity of the sup-

porting electrolytes as well as the macroscopic separation between
the anode and the electrode. Improvements in design have been
suggested including the utilization of electrode configurations that
will allow juxtaposition of the anode and cathode, thereby reducing
overall ohmic losses in the biofuel cell.

With this paper, we integrate the design efforts in both enzy-
matic anode and cathode that are product of various projects and
collaborations. Furthermore, we  have assembled these components
into a device that allows continuous fuel cell operation in flow-
through mode, as opposed to a quiescent mode in which the fuel is
not replenished limiting the performance of the fuel cell. Designing
of a biofuel cell aims minimizing the needs of energy use for any
parasitic processes and a minimal balance of plant. The direction of
our research is to move towards a passive transport in anode design
that can be combined with air-breathing cathodes. The results of
this study can also help identifying the challenges faced when a bio-
fuel cell (as opposed to a “bio-battery”) is being built – design of flow
media for fuel supply, all immobilized components and integration
with a minimal external energy-consuming components.
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